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Abstract
Radiometric tracking Doppl er
nmeasurenents of the signal transnmitted
by the Galileo spacecraft wusing an
Utra--Stable Oscillator (UsO) as a

frequency reference have been acquired
by antennas of the NASA Deep Space
Net wor k (DSN) between Dec. 1989 and Nov.

1991. These measurements serve t wo
pur poses; 1) t he scientific
investigation of the gravitationa

redshift phenonenon as the spacecraft
moves in and out of the gravitational

fields of nassive bodies in the solar
system, as predicted by Einstein's
theory of general relativity, and 2)
engineeri ng evaluation of the Uso
freguency anti frequency stability for
calibration purposes, and to evaluate
the health and performance of the USO.

These calibrations serve as a baseline

for Radio Science experinents, such as
t he Redshift Observati on and
occul tations of Jupi ter and its
satellites.

The USO is a dual oven-controlled
oscillator with an AT-cut quartz crysta
(8io, ) .rasnnator. The output frequency
of 19.124980 Mz is nultiplied by 120 to
produce the transmtted signal frequency
(°2.29 GHz).

There were 82 data acquisition

passes conducted between |aunch (oct..
1989) and Nov. 1991. Each pass consi sted
of about two hours of Doppler data

sampled at one per see, received by the
DSN antennas Uusing Hydrogen-nasers as
frequency and timng references. The
Doppl er were converted into estinmates of
spacecraft transmitted frequencies and
frequency residuals after renoval of the
spacecraft. trajectory and other effects
The  USO-referenced frequenci es
showed a significant. positive
| ogarithmc i ncrease shortly after
initial turn-on, which is probably due
to the 1liberation of contamination on
the crystal wvibrator surfaces acquired
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during the long period of inoperation
prior to launch. A least-squares fit. to
an aging nodel (comnbination logarithmc
curve and linear drift) was applied to
the estimated frequencies of the 76
passes acquired during the first in-
flight USO on-off cycle (Dec. 1989 to
Aug. 1991). The residuals showed a |arge
systematic variation shortly after
initial t urn-on. Si nce the agi ng
behavi or during this period is conplex

the first twelve passes were renoved

and the nodel was fit to the renmining
64  passes. ‘I"'he resulting post--fit

resi dual s showed no significant

systemalti ¢ variation. It is believed
that the variations of the 17 mHz rns
resi dual scatter are due to the random
wal k of the USO or possible unknown
mismodeli ng. 1t took a little over a
year of continuous operation before the
USO reached its linear aging realm (--5.6
x 10-12/day). The USO was powered-off and

back on in Aug. 1991 with no adverse
effect on its performance

The average Allan deviations at 1-
S and 10-s correl ate wel | with
spacecraft range, and fall as 7« Thi s
is consistent with white PM noi se

dom nating at these tinme scales due to
the low SNR's expected from using the
Low Gain Antennas. The Al |an deviations
at 100-s and 1000-s agree with pre-
flight USO stability results at these
time scales. The Galileo USO appears to
be healthy and functioning nornally.

1. Introduction

This is an article on the efforts
to characterize the instrunent used for
the Galilee) Radio Science investigation.
It discusses the performance of the
Utra Stable oscillator (uso), which,
when the spacecraft. and ground el ements
of the instrunent are configure] in the
one-way node, is the limting error
source obse rved i n the received Doppl er




tinme

data at
suf ficient
Galileo was originally schedul ed

intervals where there is
si gnal power.

to be launched in May 1986,
del ayed due to the Challenger accident.
Galileo was |aunched on Oct. 18, 1989
and the USO was turned-on on Dec. 5,

but was

1989. Galileo acquired gravity assists
from Venus (Feb. 1990) and Earth (Dec.

1990, Dec. 1992) and wll go into orbit
around Jupiter in Dec. 1995. Between
Dec. 1989 and Nov. 1991, 94 passes have
been schedul ed for two-hour  data
acquisition periods of the @lileo

spacecraft where the USO was the signal
sour ce. However , not al | schedul ed
passes resulted in valid data; twelve
passes were |ost for various reasons
(six were aborted after a spacecraft
safing anonaly early in 1990, four were
| ost due to a crashed sequence in March-
April 1991, and two were lost due to
unrecoverabl e data problens). Data for
the renmining 82 passes were acguired by
the DSN and delivered to the Galileo
Radi o Sci ence Team (RST) for analysis in
the formof Archival 7Tracking Data File
(ATDF) t apes. Esti mates of t he
spacecraft transmitted frequency and
frequency stability were nade for the 82
passes conducted during these first two
years of cruise. Each pass consists of
about two hours of doppler data sanpl ed
at 1/s, and Hydrogen-masers served as
the frequency and tining references. ‘l'he
recei ved doppler data were converted
into estimtes of spacecraft transmitted
frequencies and frequency residuals
after accounting for spacecr aft
trajectory and other effects.

11. Purpose

The U SO referenced data were
acquired for two purposes; 1) the
scientific investigation of the redshift
phenonenon: the frequency shift as the
spacecraft noves in and out of the
gravitational fields of massive bodies
in the solar system as predicted by
Einstein's theory of general relativity,
and 2) engineering evaluation of the USO
frequency and frequency stability for
calibration purposes and to eval uate the
health and performance of the USO These
calibration data serve as a baseline for
Radi o Sci ence experiments such as the
Red Shift Cbservation, Sol ar Corona
Experiment, and occultations of Jupiter
and its satellites. This article wll
focus only on the engineering aspects of
the USO data. The scientific results are
discussed in [1). For discussions of the

expected scientific results of t he
Galileo Radio Science investigations,
the reader is referred to [2,3].

‘I"he goal of the USO analysis is,
thus, to establish the Use-referenced
spacecraft transmitted frequency and the
frequency stability associated with it
and to build a database containing the
statistics and all paraneters relevant
to the neasurenents.

J1I. Spacecraft Confiquration

The Galileo spacecr aft
configuration for these Radio Science
tests is t he nor mal crui se
configuration, with the exception of a
command which enables the USO to be the

radio downlink reference; this is the
mode required for t he redshift
experi ment and future occul tation

investigations. No configuration changes
such as changi ng the tel emetry
nodul ati on index were expected during a
pass. The mmjority of the tests were
performed on a “quiet” spacecraft where

no maneuvers or other notion was
permtted to occur.

‘I"he  USO, a science payl oad
i nst runent i ntegrated with t he

spacecraft’s t el ecommuni cati ons

subsystem was manufactured by Frequency
El ectronics Inc., New York between 1975
and 1976. The USO which resides in the
Radi o Frequency subsystem (RFS) of the
Galileo orbiter is serial number #4,

fromthe same lot as the USCS flown on
Voyagers 1 and 2. The Voyager 1 USsO
failed in Nov. 1992 (after fifteen years
of conti nuous  service) , engenderi ng
concerns about the survival lifetinme of
the Galileo USO. The USO is a dual oven
controlled device With an AT-cut quartz
crystal (sio,) resonator. The design
out put frequezncy is 19.125000 MHz. \Wen
the USO is the downlink signal source,

it drives the S-band exciter. the output
frequency is multiplied in t he
transponder by a factor of 120 to
produce the 2.29 guz transnitted signal.

The S-band Traveling Wave Tube Anplifier
(TWwTA) anplifies the signal it receives

fromthe S-hand exciter to either one of
two power |evels; the high-power node
(27 watts) or the low power npde (9

watt s) The TWA has routinely been
configured to the high-power mode. |'he
S-band TWTA provides the anplified RF
output to the HGA/LGA transmit switch of
t he S- band ant enna swi tch, wh i ch
connects the outputs of the S-band TWTAs
to either the HGA or the IGA. |f the HGA
is ever to be successfully deployed, an



X-band (8.4 GHz) transmitted signal wll
al so becone available and its frequency

will be 11/3 of the S-band signal
frequency.
Al'l of the data acquired were at

2.3 GHz and Right Circularly Polarized.
The signal was transmitted from the
spacecraft via either LGA-1 or LGA-2
(Low Gain Antennas). LGA-1 is |located on
the spacecraft spin-axis in front of the
HGA tip sunshade. Le-2 is located on a
boom 3.58 m away of the spin axis, and
is pointed in the direction opposite
that of HGA and LGA-1. Both LGAs work at
2.3 GHz only. LGA-2 was utilized for the
period right after launch and the period
right after the Earth 1 encounter. The
tim periods of the spacecraft LGA
configuration for the data set anal yzed
inthis article are given below;

10/ 18/ 89 to 03/15/90 LGA-2
03/15/90 to 12/08/90 1.GA~1
12/08/90 to 01/31/91 LGAR-2
01/31/91 to 11/30/91 [Gh- 1

The Galileo spacecraft is a spin-
stabil i zed spacecraft which rotates at
about three rpm
IV. Ground DPata | system Configuration

The DSN configuration was also
that of normal cruise tracking. The
radio netric data were sanpled at a rate
of one per second using a loop filter
bandwi dth of 10 Hz. For all of the
passes, hydr ogen- nasers wer e t he
frequency and tining references at the
ground stations. The overall stability
of the ground system (frequency
ref erence, receiver, cables, etc.) is
expected to be about 1x10 ®at 1000 see,
which is far nmore stable than the USO

The following data products are
received for each pass; an ATDF tape
contai ning the cl osed-1oop Doppl er data,
a pass folder from the DSN containing
copi es of frequency predictions,
operator logs and related material, and
a spacecraft trajectory vector file from
the Galileo Navigation Team

V. Analysis Software and T

The anal ysis was performed on the
Radi o Science Support System RODAN
(Radi o Occul tation Dat a Anal ysi s
Net wor k) conputer which includes a Prime
4050 conmputer, a Floating Point Systens
(FPS) array processor, two magnetic tape
drives and other peripherals. The system
is accessible by a set 184 Ps/2

termnals as wel | as t wo Sun
wor kst ati ons.

Al t hough the analysis tools used
for this work were inherited from the
Voyager Proj ect, there were enough
differences 1in configuration and
procedures in the Galileo Project that
non-trivial wmodifications were made to
t he sof tware and t echni ques. The
anal ysi s software  was upgraded to
estimate nore accurately the spacecraft
transmtted frequency and the frequency
residual s used for t he stability
analysis, including installation of code
to nodel the effects introduced by a
spi nning spacecraft.

The data were processed by the

sof tware program set. The
each of the conponent
Fig. 1) are described

STBLTY
functions of
progranms (see
bel ow.

The program OCEP reads the doppler

counts and doppler extractor reference
frequency from the i nput Archival
Tracking Data File (ATDF) tape, converts

these to sky frequencies, and wites the
time-tagged frequency data and related
information to the ¥50 file.

The program GETTRAJ reads the
spacecr aft state vectors from the
Navi gati on Team  provided Cel esti al
Ref erence Set (CRS) trajectory file,

performs vector manipulations and light-
time solutions, and wites the F45
output file containing the tine-tagged
spacecraft position and velocity vectors

relative to the sun and the observing

ground station. Details of the orbit
determination solutions determined by
the Galileo Navigation Team used to

generate the
el sewhere [4].
The program RESID reads the output
files of the two previous prograns (F50
sky frequencies and ¥45 trajectory
vect ors) Mde 1 sky frequencies are
estimated from the trajectory vectors,
and are corrected for troposphere,
spacecraft spin, gravitational redshift
and, if applicable, the spinning off-
axis LGA- 2 antenna induced doppler
si gnat ure. The spacecraft transmtted
frequency is estimated at the tine tag

trajectory are given

of the first data point, and the
frequency residuals are conputed by
di f f erenci ng t he observed sky

frequencies from the
frequencies for each data point. The
troposphere nodel is a sinple zenith
path delay translated to the line-of-
sight elevation angle. A spacecraft- spin
model correction is applied to the
esti mat ed downl i nk frequency and

estimated sky



residual s. ‘1" he magni tude of this
correction depends upon whether the
spacecraft was in all-spin node (0.0481
Hz) or dual -spin node (0.0525 Hz). ‘I’he
sign of this correction depends upon
whet her the signal source was LGA-1 or
LGA-2 . This program wites the residual
frequencies and related information to
the F52 output file.

Rel ativistic effects, i ncl udi ng
the gravitational redshift, are modeled
in the analysis, and renmpbved from the
data. The results of the scientific
analysis of these effects, the first.
test of the solar redshift with an
interpl.anetary  spacecraft., indicates
that the total frequency variation as
predi cted by general relativity has been
verified to an accuracy of 0.5% and the
solar gravitational redshift to 1% (Ref.
1). Therefore, it can be stated with a
reasonabl e degree of confidence that
these effects have been renpved to the
stated accuracies

The program STBLTY reads the Fb52
file, conmputes and applies a Dbias
correction to the spacecraft transmtted

frequency estimate relative to the
center of weight of the residuals over
the pass, and conputes phase, Allan
deviation, frequency and phase power
spectral densities (PSDs), other

rel evant statistics and wites selected
i nfor mat 1on for the cur-rent pass onto a
data base summary file. This program

also produces plots of relevant data
quantities.

Once all of the USO passes have
been processed t hr ough t he above
progr ams, the data base file wll
contain a set of —records for each
processed pass. This file is then
processed through the programs F1TUSO
and USOSMRY

The program FITUSO reads the
frequencies fromthe data base, and fits
and renmoves an aging  nodel The

resulting post-fit residuals are witten
onto a previously blank field of the
data base. The user can specify how many
passes to skip, how many passes to
accept and where +the break between
logarithmc and linear aging behavior
occurs.

The program USOSMRY reads the USO
data base and displays graphically any
requested quantities from a menu of
avai | abl e data types

VI. Analysis Results

Ei ghty-two of ni nety-four
schedul ed Uso-referenced dat a
acquisition passes wer e processed
through the STBLTY program set. Each
pass was typically two hours in
durati on. All data processed were
cl osed-1 oop data acquired by the Deep
Space Stations sanpled at 1/s. Table 1
di spl ays the year, day nunmber, UTC start
time, UTC end tinme, DSS station 1D,
si gnal | evel (AGC) , and estimted
spacecraft transmitted frequency for
each pass. Fig. 2 displays a typical

pl ot of the residuals after the removal

of the spacecraft trajectory, t he
gravitational redshift, a sinple
troposphere nodel, and the effect. of the

spacecraft spin when LGA-1is the signa

source. Fig. 3 displays the frequency
residuals after every 60 points have
been averaged, allowing 1long period
trends to be easily exanmned. Fig. 4
di spl ays the reconstructed phase for the
residuals of Fig. 2. Fig. 5 is the log
of the Allan deviation for the residuals
of Fig. 2. Figs. 6 and 7 display the
| ogs of the frequency spectral density
and phase spectral density,

respectively, for the residuals of Fig.

2. The spikes at about 0.05 Hz are
related to the 3 rpm spacecraft spin.

B. 1.6A-2 Induced SPin Doppler Example

When LGA-2 is the signa
there is a significant si nusoi da
signature present in the received
doppler due to LGA-2 being nounted on a
boom located 3.58 meter from the
spacecraft spin axis. Fig. 8 displays a
typical plot of frequency residuals for
a pass where 1.GA-2 was used, after the
trajectory and ot her effects were
removed. Fig. 9 clearly illustrates the
si nusoi dal signature for a selected 200
sec period.

In order to renove this signature
from the dat a, a three-paraneter
si nusoi dal npdel was iteratively fit to
the Doppler residuals of Fig. 8 This
nodel includes an anplitude, a frequency
and a phase offset. After the nodel was
successful ly fit and  renoved, t he
resulting “post-fit” residuals (see Fig.
10) yielded Allan deviations consi stent

source,

with those of LGA-1 passes, suggesting
that the three-paraneter si nusoi da

nodel is sufficient for renoval of the
spi n-i nduced Doppl er signature.

For three passes where IGA-2 was
the signal source 91-01-14 (91-014), 90-
01-09 (90-009) and 90-12-10 (90-345)
dynam ¢ activity occurred on-board the




spacecraft which introduced phase shifts
into the data. The result is that the
fit of the sinusoidal nodel failed to
remove all of the induced off-axis LGA-2
Doppl er si gnature, resul ting in
residuals as exenplified in Fig. 11 for

pass 91-014. In this specific case, tape
recorder notion was known to occur,
where the envel ope changes in Fig. 11
correlate With the tape recorder start
and stop tinmes. Fig. 12 illustrates the
resulting degradation to the Allan
deviation (conpare with Fig. 5). Pass

90- 345 occurred after
where several activities occurred on-
board the spacecraft which introduced
dynami c mot i on. Commands which
i ntroduced dynami c notion on t he
spacecraft also occurred during pass 90-
009. In these cases, the dynamc
activity was assuned to be symmetric
about the <center of weight of the
spacecraft and thus appeared not to have
bi asea t he esti mat ed spacecraft.
transmtted frequenci es whi ch arc
determined at the first data point, and
then translated to the center of weight
of the residuals over the full data
span. The Allan deviations for these
passes were however degraded.

the Earth | flyby

C_Solar_Interference Exanpl e

Fig. 13 displays the residuals for
pass 91-03-05 (91-064) where several
sol ar di sturbances occurred during that

day including the period of the data
acqui sition. The degradation in the
observed Doppl er noi se neasurenents from
the closed-loop system are consistent

with t hose expect ed from sol ar

i nterference (R Woo private
comruni cat i on) ‘“I"his was the only pass
inthis data set where this behavior was

observed. The esti mat ed spacecr aft
transmitted frequency appears
reasonabl e, however, t he Allan

devi ati ons were degraded as expected.

D. Stability Analysis Results

The Allan deviation 1S t he
recomrended nmeasur e of oscil | ator
stability for tim donain si gnal
processing. The Allan deviations are

di spl ayed in Figs. 14-17 for 1, 10, 100
and 1000 sec time intervals,

respectively. outl ier passes  which
contai n degraded data have been renoved.

Outlier passes include a) the three
passes Where dynanic events were known
to occur on the spacecraft 900109 (90-
009), 901210 (90-345), and 910114 (91-

sol ar
interference pass 910305 (91-064), «c)

014), b) t he suspect ed

three passes where the cause of the
degradation is not known, but is
possi bly due to ground equi pnent
probl ems 900330 (90-089), 911019 (91-
292) and 911130 (91-334), and d) the
first two passes after initial turn-on
(89-341, 89-350) where the significant

i ncreasing frequency dynamics adversely
domi nat ed t he Allan devi ati on
measurenents at 1000 sec.

The neasured nmeans and errors of
the Allan deviations are given in Table
2 for each tine interval (outlier passes
were removed as well as three passes
where there were insufficient data to
estimate Allan deviations at 1000 see).
The pre-flight A lan devi ati on
measurements of the Galileo USO for
these time intervals are also presented
in Table 2. The pre-flight measurenents
were performed at the JPL Hydrogen Maser
Test Facility on Ma% 1, 1980 [5]. rig.
)8 is a plot of the averages of the
measured flight Allan deviations wth
the pre-flight measurements
superi nposed.

For 1 and 10 see,
flight Allan deviations significantly
exceed the pre-flight Al lan deviations.
This was expected since it is known that
wi deband thernal system noise (white
phase noise) dominates at these tinme
intervals due to the | ow signal-to-noise
ratios resulting from using Galileo’'s
| ow gain antennas. The flight Allan
deviations for individual passes agree
with estimates derived fromthe measured
signal levels, system noise temperatures
(20 K) and recelver bandwidth (10 Hz).
The Allan deviations at 1 sec ﬁFig. 14)
and 10 sec (Fig. 15) also correlate with
spacecraft range (conpare with Fig. 19).
I1f the HGA ever becones available, and
if there is an opportunity to turn off
the telemetry nodul ation to increase the
si gnal strength, there will  Dbetter
visibility of the true USO performance
at the |-see and 10-sec time intervals.

The average of the flight Allan
deviations at 100 and 1000 sec agree
with the correspondi ng pre-flight values
in Table 2 and Fig. 18. This inplies
that the flight data are dominated by
the true behavior of the USO at these
time intervals. The apparent | ar ge
scatter of the 100-sec (Fig. 16) and
1000-sec (Fig. 17) BAllan deviations IS
in agreement wth theoretical values
using equations derived by lLesage and
Audoin [6].

The hunp at

t he neasured

70-sec in the pre-



flight values in Fig. 18 has been
attributed to the thernmal oscill ation of
the inner oven current driven by noise
(G Wod, private conmunication). The
consi stent behavior of the flight data

between 100 s and 1000 s with the pre-

flight. measurements at these tine
intervals inplies that this effect is
visible in the flight data. In the

absence of
woul d then expect

this thermal cycling, one
the Allan deviation

behavior to be flat over these tine
scal es, and thus be consistent wth
flicker frequency noise. The expected
noi se due to unmodeled medi a

fluctuations lies well below this |evel
at these tine intervals.

The Allan devi ati on behavior for
the flight data neasurenments can be

broken down into several regions. The

Allan deviation in the 1 to 10 sec
regi on falls roughl y as 177,
characteristic of white phase noise

donminating at these tine intervals. The
uso behavior here is masked by this
noi se at these time scales. The behavior
of the region from 100 to 1000 sec can
be interpreted as being consistent with
the known inner-oven thermal cycling
effect being superinposed on a flicker
frequency noise floor (using the pre-
flight measurenent information). Between
1000 sec to about 40000 see, one can
assune a continuation of +the flicker
noi se floor upon inspection of the pre-
flight neasurenents and error bars.

E. Signal levels

‘The Galileo passes have relatively
| ow signal |l evels which run from about -
140 dRm shortly after launch and around
Earth i flyby to as low as -170 dBm. The
receiver threshold is typically about -
176 dBm. As previously discussed, the
A lan deviations derived from the
measured signal levels using thermal
noi se theory are consistent with the
measured Allan deviations at 1 and 10
sec. The signal level behavior also

correlates well wth spacecraft range
(Fig. 19).

After correcting the received
si gnal levels for receiver station
antenna gain, space |oss, spacecraft Lca
antenna  gain, and telemectry state
carrier suppr essi on, the resulting
spacecraft transnmitted power |evels at

the Radio Frequency Subsysteni Antenna
interface of t he spacecraft wer e

comput ed. These nean val ues were in good
agr eenent with the expected power
| evel s, and were within the Kk ncwn

cal i bration uncertainties at the ground
stations.

F. Analysis of Spacecraft Transmitted

The frequency transmitted by the
spacecraft was estimated for all 82
passes. Fig. 20 displays the USO-
ref erenced spacecr aft transmtted
frequencies as estimted by STBLTY. Each
point on the plot is the USO frequency
estimated at the first time tag for that
pass and then corrected to the center of
wei ght of all of the residuals over that
pass. The assigned uncertainties of the
esti mted frequencies run about 3 nHz
and are dominated by the uncertainty
inferred by not performng an ionosphere
correction. The plot is annotated with
the times the USO was powered on and
off. The time axis is in days since Jan.
1, 1989. The USO was initially powered-
on in flight on Decenber &, 1989 (boy
339) . There was one instance of cycling
the USO off (91-217) and then back on
(91-228) in this data set.

A prelimnary pass of a few nminute
duration was conducted shortly after
initial turn--on on Dec. 5, 1989 (and
after the inter-oven current was allowed
to stabilize) in order to verify
operation of the USQ Here the frequenc

S observed t0 be increasing at a ver¥
high rate, exhibiting dynanic behavior
due to early inpurity mgration and/or
stress relief resulting in the very poor

stability expected shortly after turn-
on. The fi rst wvalid USO pass was
conducted on Dec. 7, 1989, several hours
after initial turn-on.

Changes in the USO frequency wth
time are referred to as resonator aging.

In general, the principle causes of
aging are stress relief in the nounting
structure of the crystal unit, nass

transfer to or from the resonators
surface due to adsorption or resorption
of cont am nati on, changes in t he

oscill ator circuitry, and possi bly
changes in the quartz. [7]. Aging effects
seen in this data set likely include
surface liberation of impurities,

inpurity mgration across and within the
crystal, and linear aging (diffusion).

The significant positive logarithmc
increase in frequency shortly after
initial turn-on (see Fig. 20) is

probably due to the |Iiberation of
contam nation on the crystal resonator
surfaces which were acquired during the
long period of inoperation prior to
| aunch (R Sydnor, private




communi cat i on) The USO was powered of f
for much of the time 1986-1989 that the
spacecraft was dormant on the ground
prior to launch. The linear region is
expected to be reached after the USO has
been turned on for a sufficiently |ong
enough period of tine such that the only
signi ficant agi ng mechani sm is
diffusion. The curvature observed for
the six passes conducted after the USO
was cycled off and back on in Aug, 1991
could be attributed to stress relief and
mgration of inpurities.

During the first UsOon cycle
(Dec. 1989 to Aug. 1991), 76 passes of
USO data were acquired. An aging nodel

renoved from the esti mat ed
s acecraft transmtted frequencies for

period, so that the resulting
re3| dual S could be anal yzed, and
r enai ni ng error sour ces could be
identified. The nodel renobved was that
of a conbination logarithmic curve and a
l'inear aging drift;
foje = €109 ,[C (t-ty) 1)
+ Gy C (- ty) f ort <t
oo = Cet C (-t for t. 2t

where f. i‘athetlmata% the first
data point, and t, is the time tag of
the first data poi nt of where the linear
aging real m begins. ¢4~C, are constant
coefficients, which wer e estimat ed by
least-squares anal ysis.

The initial attenpt to fit this
nodel over the data acquired during the
first USO-on cycle, resulted in the
residual s displayed in Fig. 21. A large
systematic variation is evident for
passes occurring shortly after the USO
was powered on, suggesting that the
nodel is insufficient for this period.
The rms scatter of ,the residuals is

about 48 rnHz with a X\, of 272. Since the
behavior of the USO is known to be
conplex during this period and not

easily nodeled (initial stabilization
phenormena nasks the agi ng behavior), the
first. twelve passes were deleted, and
the nodel was fit to the remaining 64
passes. The correspond ng post-fit
resi dual plot of Fig. 22 displays
significantly less scatter and no
significant systemati ¢ variation. 7The
rrns residual scatter of this fit was 17
mHz wWith a x of 35. It is believed that
the 17 mHz Vvariations are due to the
random wal k of the USO or mismodeling.

In an attenmpt to identify any

mismodeling, the post-fit residuals were
exam ned agai nst troposphere correction,

spacecraft-earth-sun angle, el evation
angle, spacecraft range, signal level
(AGC), gravitational redshift
correction, station ID, USO oven current
( from tel emetry), and spacecraft
t enper at ur es ( from telenmetry). No
apparent correlations or trends were
det ect ed.

The 17 mHz rms scatter of the
estimated flight frequencies about the

aging nodel is consistent with the level
of random wal k inferred from
extrapol ati ng the pre-flight A lan
devi ation nmeasurenents as 7"to a weekly
time interval. However, a portion of the
17 nwmHz scatter coul d possibly be
attributed to sonme yet. to be identified
mismodeling.

The Togarithnic tine constant C,'
was estimated to be about 71 days. Tie
turnover of the curve occurred 259 clays
after initial turn-on. The slope of the
l'inear aging region was estimted to be
~1.50 x 107" Hz/see which is in agreenent
with the neasured slope of the Voyager 2

USO (-1.28 x 107" klz/see) [8. ‘I'his
translates to an aging rate over a one
day period of -5.6 x 10", which shows
that the USO is drifting wel | below its

specification of 5 x 10°"/da [3}1.
in an attenpt to verify when the

uso had reached its linear aging realm

different subsets of the last. several
passes prior to first turn-off in Fig.
20 were subjected to linear fits of
frequency versus time. Initial fits of

the last 31 passes prior to first turn--
off (90-262 to 91-154), and the last 21

passes (90-360 to 91-154) displayed a
signature in t he residual s with
significant curvature. A linear fit. of
the last 19 passes (91-006 to 91-154)

showed no significant residual signature
and yielded results consistent with the
combi nation logarithmic/linear
combi nation fit discussed previously.
This inplies that the Galileo Uso
required a little over a year of
operation time prior to reaching its
linear aging realm

It is preferred that once the USO
is switched on, it is left on so that it
is allowed to reach the linear aging
realm where it should remain for the
duration of the Galileo activities. The
linear aging realmallows Use-referenced
(one-way) Radi o Science experinments such
as the gravitational redshift experinent
and pl anetary occultations to be
accurately calibrated. Since August
1991, the USO was switched off and back




on in support. of cooling turns as part
of the effort to free the Hgh Gain
Ant enna (HGA) stuck ribs (in conjunction
Wi th corresponding warnming turns) . The
USO and its heater were powered-off on
Aug. 5, 1991 (91-217). There were SiXx
passes conducted after the USO was
powered back on Aug. 16, 1991 (91-228).
The estinmated spacecraft transmtted
frequencies for these passes display a
smooth continuity in time (see Fig. 23).
A simple four-paraneter agi ng nodel was
fit to these frequencies yielding a
post-fit rms scatter of 3 mHz. Although
the nunber of points and tinme period
were insufficient to infer an accurate
linear aging rate, this result suggests
that the USO is behaving in a reasonable
manner during this period. The USO was
again turned off after this tine period.
If the USO had been allowed to remain
on, it. was expected that not as |ong of
a period would be required for it to
reach its linear aging realmas was the
case during the first data set (89-341
to 91-154). The Allan deviations appear
consistent With those of the first on-
off data set, although two of the passes
have somewhat hi gher val ues.

G Retrace

If the USO and its
turned off, and then turned back on, the
crystal will oscillate at a different
frequency which is difficult to predict.
This phenonena known as “retrace” is
defined as the nonrepeatability of the
frequency vs. temperature characteristic
at. a fixed tenperature upon on-off
cycling of the oscillator [7]. An
exanple of “retrace” is the 12 wz junp
between passes on 91-154 and 91-247 (see

heater are

Fig. 20). Between these passes, the USO
and its oven were turned off for an
el even day period in Aug. 1991. Several
nmechani sns  which can cause retrace
include strain changes, changes in the
quartz, oscillator circuitry changes,
contaminati on redistribution in the
crystal encl osure and apparent,

hysteresis [7].
H Assessment of Environmental Effects

The frequency of the USO can
change due to variations in
envi ronnental paranmeters which include
t enperat ure, pressure, accel eration,
magnetic field, and radiation. The
crystal frequency is al so dependent on
the power level. See [7], [10] and [11]
for discussions on the effects of the

various phenomena on the behavior of
crystal oscillator devices.

‘I"he Glileo USO was designed to
mninze the effects of magnetic fields.
A worst case estinate of the magnetic
field of t he spacecraft in t he
environnent of the USO found that the
resulting fluctuations in frequency were
expected to be negligible for the 10to
1000 sec tinme intervals [12].

Since the USO is oven controlled
o) as to mai nt ai n a const ant
tenperature, and the crystal tenperature
is designed to operate at an optinum
point on the f vs 1' curve, noise due to
tenperature fluctuations i s expected to
be insignificant.

The mpjority of the USO passes

were conducted during quiescent periods
on the spacecraft when there was no
schedul ed dynanmic activity. ‘I'he  few
known exceptions of dynamic activity

i nvol ved no net thrusts on t he
spacecraft. Acceleration effects on the
spacecraft USO are therefore considered
to be negligible.

It IS assumed that iin the deep
space environment, changes due to
at nospheric pressure and humdity are

virtual ly nonexi stent, . Pre-launch
testing showed that the Galileo USO
exhibited spikes of less than 1 mHz

during changes in pressure [13].
Due to the hi gh level of
shielding, no <charged particles are

expected to hit the crystal during
crui se. Hi gh  energy particles are
expected to be stopped by the 1leaaq

shi el di ng produci ng photons whi ch could
possibly hit the «crystal (G Wood,
private comunication) . The |evel of
radi ati on reaching the crystal during
the cruise phase is expected to cause
negligible shifts in frequency. The USO
frequency could however shift about 1wz
during passage through the Jovian
radi ation belts [14].

VI1. conclusion

The Galileo USO appears to be
heal t hy and functioning in a reasonabl e
manner based on the analysis presented
in this article. The evaluation of the
Radio Science instrunent wll continue
for the duration of the mssion.
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YEAR DoOY
89 341
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90 2
90 9
90 15
90 19
90 28
90 32
90 37
90 44
90 46
90 49
90 56
90 58
90 61
90 68
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90 89
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END
MN:

HR:
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:57:
:00:
:59:
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:57:
:00:
:129:
:12
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:04:
222
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:01:
:155:
:42:
:28:
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:156:
:03:
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:56:
02126
: 01
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:04:
116
:148:
:102:
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:143:
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:05:
:07:
:134:
:02:
: 00
:03:
:129:
:59:
:03:
:24:
:45:
:55:
$11:
:40:
:43:
:54:
:123:
:57:
:58:
th7:
142

..

Galileo USO Pass Summary

DSS
1D

14
14
14
14
14
14
14
14
14
63
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
63
43
43
43
43
14
14
14
43
14
43
43
43
43
43
14
43
63
43
43
63
43
43
63
63
63
63
42

AGC
(dBm)

-149
-142
-145
-149
-149
--153
- 156.
-154.
- 155.
- 155.
-151.
-154.
- 153.
-157.
- 158.
-162.
~159.
- 165.
- 166.
-167.
- 166.
-165.
-167.
-168.
-169.
- 166.
-168.
-167.
- 166.
-165.
-165.
- 166.
-164.
- 165.
-165.
-162.
- 165.
- 165.
- 165.
-163.
-162.
- 168.
-165.
-162.
-161.
-160.
-162.
- 160.
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- 158.
-148.
- 145.
-145.
-138.
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S/ C TRANSM TTED FREQ
2294997000 (Hz)
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705.
705.
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710.
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669
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295
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735

710,731
110.706
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Table 1.

YEAR DOY START
HR:MN:SC
90 350 08:18:28
90 360 17:09:14
91 4 07:32:13
91 6 18:01:47
91 14 16:55:11
91 16 17:04:22
91 19 16:05:14
91 21 18:04:52
91 26 16:07:05
91 29 06:07:42
91 33 15:58:12
91 36 06:07:11
91 39 06:05:08
91 43 15:05:08
91 49 21:21:14
91 55 15:35:23
91 64 14:05:14
91 73 16:23:17
91 81 15:08:37
91 109 19:02:38
91 141 00:02:40
91 154 23:04:06
91 247 16:39:14
91 259 21:28:12
91 275 00:59:23
91 292 15:15:11
91 318 03:54:25
91 334 20:41:17
Table 2.
Tinme Interval

( sec)

1

10

100

1000

Not e

Uncertainties are errors

END

HR:MN:

10:12:
18:57:
07:49:
19:58:
18:46:
18:59:
17:59:
19:58:
17:50:
07:58:
17:43:
07:58:
08:01:
16:59:
23:13:
17:30:
16:02:
18:13:
17:02:
20:45:
01:59:
00:59:
18:23:
23:11:
02:43:
17:00:
05:29:
22:10:

Summary of Galileo USO Allan Deviations

DSS AGC
D (dBm) - 2294997000 (H=z)
61 -147. 7 710. 115
43 -150. 3 709. 991
63 -149. 4 709. 922
43 -149. 1 709. 885
43 -152.5 709. 792
43 -151.3 709. 769
43 -152.5 709. 743
43 -153.1 709. 709
43 -154.8 709. 657
63 -156.1 709. 638
43 -158.1 709. 577
63 -162.6 709. 548
63 -160.9 709. 507
43 -162. 2 709. 459
43 -160. 6 709. 370
43 -160. 7 709. 300
43 -158.6 709. 173
43 -160. 2 709. 068
43 -155. 4 708. 929
43 -155. 4 708. 563
63 -157. 6 708. 161
61 -164.6 707. 997
63 -167.5 696. 304
14 -164. 8 696. 556
43 -165.9 696.678
63 -168. 2 696. 728
43 -168. 1 696.772
14 -165.9 696. 769

Measured Flight

x 10"

29.4 1.1
3.93 + 0.17
0.90 # 0.03
0.71 + 0.03

in the nean.

Measur ed Pre-launch

x 10

0. 56
0. 56
1.1

0.68

Galileo USO Pass Summary (continued)
S/ C TRANSM TTED FREQ
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Fig. 21. Post-fit residuals of estimated spacecraft transmilt-
ted frequencies of the first USO on-off cycle for all 76 passes
after fitting and removing an aging model.
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